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In this work the effect of sintering on the ionic conductivity of scandia and ceria-stabilized zirconia, ScCeSZ, is
investigated. Commercial ScCeSZwith specific surface area of 11.5 m2.g−1was used as received. Consolidation of
the solid electrolyte was accomplished by spark plasma sintering in the 1273–1473 K range for 1 and 5 min. The
relative sintered density for spark plasma sintered samples was higher than 95% for temperatures of 1373 K
and higher. Raman spectroscopy analysis revealed that all samples exhibit both cubic and tetragonal structures.
The ionic conductivity was systematically evaluated by impedance spectroscopy and the main difference in the
blocking of O2− ions at the grain boundary of several samples is related to the average grain size. In the
high-temperature range, a decrease in the ionic conductivity with increasing dwell temperature and time is
attributed to the increase of the fraction of tetragonal phase.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Stabilized zirconias are well-known solid electrolytes with several
applications in electrochemical devices such as solid oxide fuel cells
and solid oxide electrolyzers. Scandia-stabilized zirconia is reported
to exhibit the highest ionic conductivity in zirconia-based solid elec-
trolytes [1] and therefore is a candidate material for application in
solid oxide fuel cells operating at intermediate temperatures (~870–
1070 K). The crystal structure of this system is complex [2–4] and several
attempts have been done to stabilize the cubic phase at room tempera-
ture. Recently, addition of minor amounts of Al2O3, TiO2, Bi2O3 and
CeO2 was investigated for this purpose [5–8].

Addition of ceria to scandia-stabilized zirconia reduces its electrical
conductivity, although it remains higher than that of yttria-stabilized
zirconia in the intermediate temperature range [9]. Moreover, the addi-
tive is found to improve the phase stability of the system [10].

The sintering of this solid electrolyte is usually carried out at high
temperatures (above 1670 K) to obtain suitable densification for the
proposed application. Few reports concerning the use of spark plasma
sintering to scandia-stabilized zirconiamay be found elsewhere [11–13].
Themain resultswere related to the stabilization of the cubic structure at
room temperature and the suppression of grain growth in the sintered
materials [11,12]. The decrease of the electrical conductivity in the high
temperature region and the simultaneous increase of that parameter at
low temperatures have also been reported [11,13].
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To the best of our knowledge no reports on the use of this consol-
idation technique may be found for ternary systems. In this work, the
effect of spark plasma sintering on the electrical conductivity and
phase stability of scandia and ceria-stabilized zirconia is investigated.
The main purpose of this work is to obtain dense and fine-grained
ceramics with suitable electrical conductivity.

2. Experimental

Zirconia containing 10 mol% scandia and 1 mol% ceria (ScCeSZ-TS,
Fuel Cell Materials), with 11.5 m2.g−1 of specific surface area, was
used as received. Consolidation of the pellets was accomplished by
spark plasma sintering (SPS 1050, Sumitomo Coal Mining Co., Japan).
In a typical processing cycle, ScCeSZ powder was loaded into a graphite
die lined with graphite sheets. The die containing powder was heated
with the simultaneous application of pressure up to the desired temper-
ature (1273, 1373 and 1473 K) by a pre-set program. The maximum
applied pressure was 65 MPa, which was released after the dwell time
(1 or 5 min). Heating and cooling rates in SPS consolidations were
100 and 300 K.min−1, respectively.

The sintered density was determined by the immersion method.
Structural characterization of sintered pellets was carried out by
X-ray diffraction (Bruker-AXS, D8 Advance) in the 20–80° 2θ range
with CuKα radiation, and by Raman spectroscopy (Renishaw, InVia
Raman Microscope) coupled to a Leica optical microscope, with an
excitation radiation of 633 nm from a He–Ne laser. Microstructural
observations were performed in a field emission scanning electron
microscope, FE-SEM (Jeol, JSM 6701F). The mean grain size, G, was
estimated by the intercept method [14]. The ionic conductivity was
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Table 1
Values of sintered density (ρH) and mean grain size (G) of samples consolidated by SPS
at several dwell temperatures and times.

Dwell temperature (K) Dwell time (min) ρH (%) G (μm)

1273 5 74.3±0.2a ~0.1b

1373 5 95.7±0.1 0.31±0.03
1473 1 96.5±0.1 0.36±0.04
1473 5 97.1±0.1 0.42±0.05

a Relative geometric density.
b Estimated from the fractured surface.
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determined by impedance spectroscopy measurements using a low-
frequency impedance analyzer (4192A Hewlett Packard) in the 5 Hz
to 13 MHz frequency range. Silver and platinum pastes were used as
electrode materials in the low- (573–723 K) and high-temperature
(723–1073 K) measurements, respectively.

3. Results and discussion

Table 1 shows the relative sintered density values of ScCeSZ
samples consolidated at different dwell temperatures and times. A
huge increase of approximately 20% occurred in the sintered density
between 1273 and 1373 K, and beyond that the increase in density
is comparatively small. Moreover, the increase in the dwell time
from 1 to 5 min at 1473 K did not offer any substantial advantage
concerning the densification of ScCeSZ.

Fig. 1 shows FE-SEM micrographs of SPS samples. In the case of
the sample sintered at 1273 K only the fractured surface could be ob-
served (Fig. 1a). In this sample, the porosity is randomly distributed
and the estimated mean grain size is about 0.1 μm. The polished and
thermally etched surface of the samples sintered at higher temperatures
(a) 

(b) 

Fig. 1. FE-SEMmicrographs of ScCeSZ samples consolidated by SPS: a) fractured surface
of the sample sintered at 1273 K/5 min; b) polished and etched surface of the sample
sintered at 1473 K/5 min.
exhibits similar features, namely low porosity and homogeneous dis-
tribution of grain sizes. The grains are of polygonal shape and no exag-
gerated grain growth is observed. Fig. 1b shows, as an example, the
micrograph of the sample consolidated at 1473 K for 5 min. Increase
in both dwell temperature and time resulted in increase of the mean
grain size (Table 1).

X-ray diffraction patterns of ScCeSZ samples are shown in Fig. 2a.
These profiles seem to be characteristics of the cubic phase of
stabilized-zirconia (JCPDS 89-5483). In the low-angle region of the
main diffraction peak a slight broadening may be observed. To clarify
about the origin of this effect, about 50 μm of the sample surface
was removed by grinding and X-ray diffraction patterns were again
recorded. No differences were observed between the X-ray diffraction
patterns measured before and after grinding. The samples were, then,
analyzed by Raman spectroscopy, a technique that allows for a better
identification of the structural phases in zirconia matrices. Fig. 2b
shows Raman spectra of the ScCeSZ samples. The Raman spectrum
of cubic zirconia displays a single band at ~620 cm−1 [8]. As can be
seen, an additional band at ~480 cm−1 reveals the presence of the
tetragonal phase in these samples [3]. The Raman band marked with
(*) is a further evidence of the phase composition. This band at approx-
imately 700 cm−1 was detected in scandia-stabilized zirconia with
tetragonal symmetry, and was attributed to some type of disorder due
to formation of the solid solution and consequent generation of oxygen
vacancies [3].

Fig. 3 shows impedance spectroscopy diagrams of ScCeSZ sintered
samples at 650 K (low-temperature region). These diagrams were
normalized for sample dimensions, and the numbers over experi-
mental points refer to the logarithm of the frequency (Hz). In this
temperature range the grain and the grain boundary contributions
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Fig. 2. (a) X-ray diffraction patterns and (b) Raman spectra of ScCeSZ samples.
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Fig. 3. Impedance spectroscopy diagrams of ScCeSZ samples at 650 K. Numbers over
experimental points are the logarithm of the frequency.
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Fig. 5. Arrhenius plots of the overall electrical conductivity of ScCeSZ samples.
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to the overall electrolyte conductivitywere deconvoluted. Themain dif-
ference in the samples sintered at the same temperature and different
dwell times is related to the grain boundary blocking effect. Increasing
the sintering time resulted in decreasing the blocking effect. The same
phenomenon is observed with increasing dwell temperature.

The Arrhenius plots of the grain conductivity are shown in Fig. 4a.
As expected, the grain (or intragranular) conductivity remains un-
changed independent on dwell temperature and time. Apparent acti-
vation energy values obtained by fitting resulted in 1.55±0.04 eV, in
general agreement with previous works [8,9]. In order to evaluate
the effect of grain size on the blocking effect at grain boundaries,
correction of the corresponding electrical conductivity for the grain
boundary surface according to [15] was carried out and the results
are shown in Fig. 4b. The Arrhenius plots of the consolidated samples
show a similar behavior and small differences between them may be
ascribed to uncertainties in the measured dimensions and slightly dif-
fering contents of the tetragonal phase. It may be concluded then that
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Fig. 4. Arrhenius plots of the electrical conductivity of (a) grains and (b) normalized
grain boundaries. G stands for the mean grain size.
the grain boundary surface accounts for the blocking effect at the grain
boundaries in ScCeSZ sintered by the SPS process.

Fig. 5 shows the Arrhenius plots of the overall (grain and grain
boundary) conductivity of ScCeSZ samples in the whole temperature
range of measurements. For this experiment, platinum was used as
electrode material. The overall electrical conductivity of the samples is
quite similar at low temperatures (up to ~723 K). In the high tempera-
ture range (~723–1073 K) the sample sintered at 1473 K for 5 min
exhibits a small decrease in the electrical conductivity. This effect may
be explained as a consequence of formation of the tetragonal phase,
as detected by Raman spectroscopy. Reduction of Ce4+ to Ce3+ that
might have occurred during SPS experiments due to the reduced atmo-
sphere inside the pressure chambermay account for this effect. Increas-
ing the temperature and time in SPS experiments should increase the
fraction of tetragonal phase. The CeO2 additive employed to stabilize
the cubic phase at room temperature, in this case, could no longer be ef-
fective to fully stabilize the solid electrolyte. Apparent activation energy
values of the overall electrolyte conductivity in the high temperature
region are 1.15±0.05 (1373 K/5 min and 1473 K/1 min) and 0.84±
0.04 eV (1473 K/5 min). This latter value is similar to that obtained
for zirconia–12 mol% scandia [8].

4. Conclusions

High density and submicron zirconia–scandia–ceria specimens have
been obtained by spark plasma sintering at temperatures higher than
1270 K. The tetragonal phase that has been detected by Raman spec-
troscopy might be responsible for the decrease in the overall electric
conductivity. An explanation of the cubic-to-tetragonal phase transition
is set forth based on Ce4+–Ce3+ conversion in the graphite die during
the spark plasma sintering process.
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